The proposed phantom is designed for the quality control of micro-SPECT/CT and micro-PET/CT systems. However, it is an assembly of six patterns stored in a cylindrical box enabling to control both micro-SPECT unit in terms of uniformity, spatial linearity and spatial resolution and micro-CT unit in terms of uniformity, spatial linearity, spatial resolution, diffusion rate, low contrast detectability, Hounsfield unit linearity and slice thickness. The construction material is Plexiglas. As for the implementation, it was made on a micro-SPECT/CT machine of the type "speCZT eXplore CT 120". Compared to the NEMA NU 4-2008 image quality phantom, this phantom offers micro-CT quality control and is more efficient in control of spatial resolution for micro-SPECT and micro-PET systems.
Introduction
Recently, preclinical imaging has evolved considerably but the evolution has been only concerned with small animals (mice, rats...). Although the results obtained in preclinical tests are extremely useful in the fields of clinical imaging [1] - [4] and pharmacology [5] [6] , given the size of these animals, the instruments used have imaging performance well above those used for humans.
The expected results of the obtained images are so important that we must be quite demanding when regarding their qualities. The continual production of the best qualities of these images is ensured by the development of adequate quality control protocols [1] [7] [8] . These protocols are developed in relation to quality control protocols already adopted in clinical imaging.
As in clinical imaging, quality control in preclinical imaging is usually done through the acquisitions of images on specific phantoms [9] [10] . These phantoms are generally formed by one or more compartments, each of which simulates a situation to evaluate one or more quality parameters of an explored preclinical imaging system. In the present state of things, it is a combination of two imaging systems providing two different types of images. Indeed, it is a micro-nuclear imaging system (micro-SPECT or micro-PET) combined with a micro-computed tomographic imaging system (micro-CT). In practice, only the quality of a micro-nuclear imaging unit is considered, which is a bit inconsistent as long as the micro-SPECT and micro-PET slices are located through micro-CT acquisitions. In clinical imaging (SPECT or PET and CT), the two corresponding systems are controlled independently of each other with two different phantoms. The proposed phantom allows the quality control of both micro-nuclear imaging and micro-CT systems with a single acquisition protocol. It contains patterns that control the same quality parameters of both machines as the uniformity, spatial linearity and spatial resolution, and other additional patterns for specially quality control of the micro-CT unit as the diffusion profile, Hounsfield unit linearity, the low contrast detectability and slice thickness. The material of construction selected for the phantom realisation is Plexiglas.
Materials and Methods

Design
For the design of the phantom, the SOLIDWORKS software is considered for reasons of flexibility and easiness of conception.
Construction Materials
For the realization of the phantom, the material used is Plexiglas, which is easy to machine and is cheaper than and as efficient as plastic acrylate. For fixing the structure, polyamide screws are used.
Quality Parameters
Knowing that, like SPECT/CT and PET/CT machines, both micro-SPECT/CT and micro-PET/CT systems are each one composed by two units (micro-nuclear imaging unit and micro-CT unit), quality control operations are performed individually on each unit. Certain quality control protocols don't need image acquisitions on phantoms like visual inspection, measurement of the sensitivity for micro-SPECT or micro-PET and light alignment and measurement of the dose at skin entrance (DSE) for micro-CT. However, the majority of quality control protocols need image acquisitions on specific phantoms. For micro-nuclear imaging unit, quality control protocols concern uniformity, spatial linearity, spatial resolution, pixel size and centre of rotation (COR) [11] [12] . While for micro-CT unit, quality control protocols concern uniformity, noise, low contrast detectability, spatial linearity (geometric distortion), slice thickness, diffusion profile, spatial resolution, and Hounsfield unit linearity [12] - [14] . Moreover, Hounsfield unit for a substance is given by Equation (1) [14] .
substance water water HU 1000
where µ substance is the resultant X-ray attenuation coefficient for the substance, µ water is the X-ray attenuation coefficient for water.
Image Acquisitions
For the implementation of the considered phantom, acquisitions are conducted on micro-SPECT/CT machine of the type "speCZT eXplore CT 120" (GE Healthcare) (Figure 1 ) of the in vivo preclinical imaging service in the Hospital Hautepierre of Strasbourg. This camera is composed of a micro-SPECT unit and micro-CT unit. The detection head of the micro-SPECT unit "eXplore speCZT" consists of ten sensors plan CZT semiconductor with a surface of 64 cm 2 and 5 mm thick. The detectors are stationary and located in the form of a decagon around a rotating and interchangeable cylindrical collimator [1] [2] [5] . For the CT unit "Explore CT 120", it is constituted by an X-ray high efficiency tube of 5 kW whose voltage can vary between 70 and 120 kV and is attached to a planar array of CCD detectors 3500 × 2300. The X-ray beam used for the micro-CT unit is conical [2] . Acquisitions can also be done on a micro-PET/CT system with the same protocol because micro-PET and micro-SPECT are both nuclear tomographic imaging techniques with low differences between their principle quality parameters [16] .
Results and Discussion
Design of the Phantom
When designing the proposed phantom (Figure 2) , the major considered constraints are the possibilities of verifying the majority of acquisition parameters qualities for micro-SPECT/CT and micro-PET/CT systems while respecting the dimensions of acquisition areas offered by each machine. For this, it is better to refer to the NEMA accreditation in case of micro-SPECT and micro-PET [17] and ACR accreditation in case of micro-CT [18] . Seven quality control parameters have been fixed: uniformity (micro-SPECT or micro-PET and micro-CT units), spatial linearity (micro-SPECT or micro-PET and micro-CT units), spatial resolution (micro-SPECT or micro-PET and micro-CT units), diffusion profile (micro-CT unit), Hounsfield unit linearity (micro-CT unit), low contrast detectability (micro-CT unit) and slice thicknesses (micro-CT unit). With the exception of uniformity, which can be measured following an acquisition done on the homogeneous solution, for each of the selected parameters, we designed a pattern that enables us to evaluate it (Figure 2) . The patterns are stored in a cylinder (Part 1) with sealing cover (Parts 8, 9, 10, 11 and 12), which constitute the body of the obtained phantom. Whereas, the spatial linearity pattern has a linear geometry in both directions x and y of the plan (Part 2), the spatial resolution pattern for micro-SPECT or micro-PET units contains variable diameter cylindrical hole pairs (Part 3), the diffusion profile pattern is made of a thin metal wire (Part 4), the spatial resolution pattern of micro-CT is a thin prismatic needle (Part 4), the Hounsfield unit linearity pattern contain the same volume of materials having Hounsfield units describing the Hounsfield scale from −1000 for air to +1000 for bone (Part 5), the low contrast detectability pattern is made by two thin plates with different thickness in which are perforated the same set of variable diameter holes (Part 6) and the slice thickness pattern is made essentially of two thin opposite metal ramps with the same inclination angle (Part 7).
Realization of the Phantom
Following the fixed design and using Plexiglas cylinders with a diameter of 3 mm, the proposed phantom is realized (Figure 3) . It is composed of the following:
• The phantom body that is a cylindrical enclosure with a sealed cover and two holes for the introduction of solutions with contrast agents (Figure 4) . The patterns for control of various performances are housed in the cylinder.
• The pattern of spatial linearity, which is in the form of a solid cylinder in which we have made orthogonal and periodic grooves 1.5 mm wide, 3 mm deep and spaced 1.5 mm (Figure 3(a) ).
• The pattern of Hounsfield unit linearity that consists of four cylinders of the same size and which Hounsfield units are indexed by the manufacturer: the first is filled with water (~0 HU), the second is filled with polyethylene (~+80 HU), the third is filled with teflon (~+1000 HU) and the fourth is filled with air (~−1000 HU) (Figure 3(b) ).
• The pattern of spatial resolution and the diffusion profile for micro-CT that contains a copper wire 0.2 mm thick elongated parallel to the axis of the phantom and a prismatic needle with a square base (2.5 × 2.5 mm 2 ) (Figure 3(c) ).
• The pattern of spatial resolution of micro-SPECT and micro-PET shows as a solid cylinder in which we operated four pairs of holes with diameters of 1, 1.5, 2 and 2.5 mm (Figure 3(d) ).
• The pattern of low contrast detectability that is made of two disks 0.5 and 1 mm thickness in which are pierced in the same position five holes of diameters 1, 1.5, 2, 3 and 4 mm (Figure 3(e) ).
• The pattern of slice thickness measurement in micro-CT that consists of two opposite ramps of aluminium with a thickness of 0.6 mm and an inclination angle θ of 25.36˚ (Figure 3(f) ).
Acquisitions
After the realization phase, begins the acquisition phase. For this, the phantom is filled with a radioactive solution (V = 11.5 cm 3 ) made of demineralised and degasified (for 48 hours) water + 1 drop of aqueous eosin 2% (red colour of solution) + 0.1 ml of pertechnetate-99 m solution (activity = 4.10 mCi) + 1 drop of Iomeron 400 (contrast agent for X-ray imaging). After filling, the considered phantom is placed in the tunnel of the machine (Figure 1) , then the acquisition parameters are set ( Table 1 ) and acquisition protocol is started.
At the end of the acquisition protocol, three types of images are obtained: micro-CT, micro-SPECT and micro-SPECT/CT.
The micro-CT images are obtained through transversal acquisitions at the levels of the homogeneous region of the proposed phantom and patterns number 2, 4, 5, 6 and 7 (Figure 2) . They concerned uniformity ( Figure  5(a) ), spatial linearity ( Figure 5(b) ), Hounsfield unit linearity (Figure 5(c) ), low contrast detectability ( Figure  5(d) ), diffusion profile ( Figure 5(e) ) and slice thickness (Figure 5(f) ).
Uniformity U (Figure 5(a) ) is calculated knowing the mean value of Hounsfield peripheral numbers (HNP) and the Hounsfield central number (HN C ) for the water (without contrast agent) (Equation (2)) [14] . 
For the spatial linearity or geometric distortion (GD) test (Figure 5(b) ), it is matter of comparing the measured dimensions to the real dimensions in the two direction x, y of the plan (Equation (3)). x,y measured dimension real dimension GD 100 real dimension × − =
Diffusion profile (DP) is defined as the comparison between the measured diameter on the image and the real diameter of the tin cooper wire (Equation (4)). measured diameter real dimeter DP 100
For the remaining parameters, although affected by the presence of the contrast agent (Iomeron 400), spatial resolution and low contrast detectability are measured as the smallest detail that can be distinguished on the appropriate pattern image, the slice thickness (ST) measurement is done when knowing the foul width at half maximum (FWHM) of the orthogonal profile at the level of aluminium ramps (Figure 5(f), Figure 6 ), and the Hounsfield units for each material are displayed by the micro-CT system.
The micro-SPECT images are obtained through transversal acquisitions at the levels of the homogeneous region of the proposed phantom and patterns number 2 and 3 (Figure 2) . They concerned uniformity (Figure  7(a) ), spatial resolution (Figure 7(b) ) and spatial linearity (Figure 7(c) ).
For micro-nuclear imaging (micro-SPECT and micro-PET), as for nuclear imaging, there are two types of uniformity; integral uniformity (UI) and differential uniformity (UD). Integral uniformity is calculated knowing the maximum and minimum pixel count values (C) in homogeneous solution (Equation (5)), while differential uniformity depends on the maximum and minimum pixel count values every set of 5 contiguous pixels in rows or columns (Equation (6)) [11] . Spatial resolution is evaluated, as for micro-CT, as the smallest detail that can be distinguished on the image of the pattern number 3 (Figure 7(b) ). The test of spatial linearity is done by visual analysis of the micro-SPECT acquisition on the pattern number 2 (Figure 7(c) ).
Micro-SPECT/CT acquisitions are made following the micro-CT acquisitions. Indeed, it comes to be positioned on the micro-CT acquisitions for achieving the micro-SPECT acquisitions, and then we proceed with image fusions of the two modalities for each slice. This operation concerned acquisitions made at the level of patterns number 2 and 3. Thus, we are able to test micro-SPECT/CT image of spatial linearity (Figure 8(a) ) and spatial resolution (Figure 8(b) ).
Interpretation
The proposed phantom allowed, simultaneously, the quality control of the micro-SPECT unit and that of the micro-CT unit and consequently of the whole micro-SPECT/CT system and the same thing for a micro-PET/CT system. This permit to do all acquisitions for quality tests with just one protocol.
For the micro-SPECT unit, it was found that the spatial resolution is close to 1mm as it was possible to distinguish a boundary separation between the images of the two holes of 1mm diameter and separated by a distance also of 1 mm (Figure 7(b) ). In addition, the spatial linearity test reveals the presence of geometric distortions in the middle region of the useful field of view (Figure 7(c) ) was remarked. So, it is necessary to do spatial linearity correction of the micro-SPECT system detector.
For the micro-CT acquisitions, the spatial linearity of this unit was tested (Figure 5(b) ) and the diffusion profile was easy to measure on Figure 5 (e) using Equation (4) . As for uniformity, it was still easy to calculate on Figure 5(a) . While the Hounsfield units of Figure 5 (c) were clearly measurable for air, Teflon and polyethylene, they were not in the case of water because of the presence of the contrast agent (Iomeron 400). The same for the low contrast detectability (Figure 5(d) ), because the Iomeron 400 increased shift of X-ray attenuation rate between the Plexiglas and the solution, which makes the condition of low water-Plexiglas contrast (Figure 9 ) no longer there. So, it is convenient to work without any contrast agent. Moreover, to measure slice thickness, low contrast with water gives more uncertain results (Figure 9) . Thus, the results in this side are better with the contrast agents (Figure 5(f) ). For micro-SPECT/CT acquisitions (fusion), it was noticed that the global uniformity parameter is rather imposed by micro-SPECT unit which presents weaker qualities compared to micro-CT unit. The same applies to geometric distortions; they are more pronounced in Figure 8(a) . For spatial resolution of the whole system, it is better than 1 mm because the fusion with micro-CT can improve this quality. These constitute the advantages of multimodal imaging systems (micro-SPECT and micro-CT).
The use of Iomeron 400 is justified by the fact that it allows a better visualization of all details in the proposed phantom by increasing the contrast between the solution and the Plexiglas. This constitutes a better demonstration for users.
The phantom is also extremely flexible. Then it is possible to remove or to change the patterns according to the quality control situation.
Comparison with the NEMA Phantom
Since there are no hybrid phantoms for quality control of micro-SPECT/CT and micro-PET/CT systems, the NEMA NU 4-2008 image quality phantom was chosen for the comparison with the proposed phantom [10] [19] [20] . On the one hand, this allows saying that the proposed phantom is the first in the field of simultaneous quality control of micro-CT units and micro-SPECT or micro-PET units. Besides, the comparison is restricted to the quality control of micro-SPECT unit. For this, acquisitions with the NEMA phantom were realized (Figure 8 ) with the same preparation and acquisition conditions carried out for the proposed phantom ( Table 1) . Thus, the NEMA phantom allows only the controls of uniformity (Figure 10(a) ), spatial resolution (Figure 10(b) ) and contrast (Figure 10(c)) .
Comparison with the NEMA NU 4-2008 image quality phantom concerned mainly the spatial resolution since for uniformity; there should not be any remarkable difference because the verification of this parameter was performed in the two phantoms in the same way, i.e. in a homogeneous region without any patterns. Thus, concerning spatial resolution, if the NEMA phantom permits to check the detectability of small hot lesions, the proposed phantom added to detectability the distinction of adjacent lesions which is the main principle of spatial resolution. Thus, looking at the test carried out on NEMA phantom (Figure 11(a) ), we could find out that the resolution of the micro-SPECT unit is better than 1 mm, but looking at the acquisition made with the proposed phantom (Figure 11(b) ) we found out that the spatial resolution of this unit is about 1 mm.
While the proposed phantom allows the evaluation of geometric distortions whether in micro-SPECT or micro-CT units, the NEMA phantom does not allow this operation. Moreover, the NEMA phantom is not flexible because it doesn't allow the introduction of other patterns while the considered phantom is extremely flexible because it allows the introduction and change of patterns inside. Thus with regard to the contrast measurement of air and water in micro-PET units, it is very easy to realize this pattern and to insert it inside the phantom in case of quality control of micro-PET/CT systems.
Conclusion
This work offers to the practitioners a new tool to better achieve quality control protocols and obtain better quality parameter results. Indeed, the realized phantom presents very interesting qualities because it allows the measurement of whatever quality parameters for micro-SPECT/CT or micro-PET/CT as spatial resolution, spatial linearity, uniformity, slice thickness, Hounsfield unit linearity and diffusion profile. The proposed phantom is a first hybrid phantom for simultaneously quality control of micro-CT and micro-nuclear imaging systems. The comparison with the NEMA NU 4-2008 image quality phantom shows that the proposed phantom is more efficient regarding the evaluation of spatial resolution. The proposed phantom is also more flexible because it allows inserting patterns according to the device and objectives of quality control. It is easy to realize, very efficient and cheaper than other phantoms providing less opportunities in terms of quality control protocols.
